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To separate scintillation and Cherenkov lights in water-based liquid scintillator detectors is a
desired feature for future neutrino and proton decay researches. Linear alkyl benzene (LAB) is one
important ingredient of a water-based liquid scintillator being developed. In this paper we observed
a good separation of scintillation and Cherenkov lights in an LAB sample. The rising and decay
times of the scintillation light of the LAB were measured to be (7.7 ± 3.0) ns and (36.6 ± 2.4) ns,
respectively, while the full width [-3σ, 3σ] of the Cherenkov light was 12 ns dominated by the time
resolution of our photomultiplier tubes. The light yield of the scintillation was measured to be
(1.01± 0.12)× 103 photons/MeV.
PACS numbers: 29.40.Mc, 29.40.Ka, 06.30.Ft
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I. INTRODUCTION
Large-mass, high-resolution, cost-effective detectors
will be essential for future neutrino and proton decay
experiments [1]. Currently we can find two successful op-
tions for detector materials: water (heavy water) and liq-
uid scintillator. Water (heavy-water) Cherenkov detec-
tors have been used by IMB [2], Super-Kamiokande [3],
SNO [4], etc. With this technique the momentum, en-
ergy, and direction of a charged particle can be measured,
and muons and electrons can be effectively identified.
But it is limited by the requirement that the momen-
tum of a charged particle must be above its Cherenkov
threshold and the low light yield. Liquid scintillator de-
tectors have been used by KamLAND [5], Borexino [6],
LSND [7], Chooz [8], RENO [9], Daya Bay [10], etc.
They have much lower detection threshold and higher
energy resolution than water Cherenkov detectors, but
inefficient in other aspects.
A technique which could combine the different features
of both water and liquid scintillator is highly desired.
The concept of water-based liquid scintillator (WbLS)
may be found as early as in [11]. Recently more efforts
for this purpose can be found in [12–14] and [15]. With a
WbLS, for a charged particle below its Cherenkov thresh-
old, scintillation light can still be emitted and detected
and this will lower the detection threshold of a detector.
Above the threshold, both Cherenkov and scintillation
lights can be detected. If the excitation and deexcita-
tion responsible for scintillation emission is slower than
Cherenkov light emission, it will be possible to separately
measure these two types of lights and probe each parti-
cle twice. The possible improvements with a WbLS for
the researches of neutrino physics and proton decay were
well recognized in [16, 17].
With the redundant measurements of a charged par-
ticle, a new approach of particle identification can be
found. For example, muons and electrons with the same
kinetic energy have different amounts of Cherenkov-light
emission, which is an intriguing feature for future neu-
trino and proton decay experiments [16]. This feature
can be further exploited to separate electrons and gam-
mas for solar neutrino experiments to suppress the criti-
cal external gamma backgrounds [18].
In this paper we measured the time profile of scin-
tillation light in a linear alkyl benzene (LAB) sample
and tested the separation of Cherenkov and scintillation
lights, since LAB is one important ingredient of the liq-
uid scintillator of the Daya Bay experiment [10], etc.,
and also one important ingredient of a WbLS [12]. We
demonstrated that the separation of Cherenkov and scin-
tillation could be achieved in LAB; and then such a con-
cept can be further demonstrated by WbLS. With proper
controls of scintillation time and light-yield, the outlook
of the separation technique is rather promising for many
experiments.
In section II we report our apparatus, followed by the
data processing in section III. In section IV the simula-
tion tool for our apparatus is described. The measure-
ment results of scintillation light yield and time profile of
LAB can be found in section V. In the end, we conclude
in section VI.
II. APPARATUS
A specific detector was designed to measure the
Cherenkov and scintillation lights of vertically incident
muons in an LAB sample.
A photo of the detector is shown in Fig. 1 and its
schematic front view can be found in Fig. 2. Four 15
cm long, 15 cm wide, and 5 cm high plastic scintillators
(coincidence scintillators) were placed vertically, whose
quadruple-coincidence signals were used as the triggers of
the detector. Another two 30 cm long, 15 cm wide, and
5 cm high plastic scintillators (anti-coincidence scintilla-
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2tors) were placed next to the bottom coincidence scintil-
lator to exclude muon shower events. The light signals
of the six plastic scintillators were detected by six pho-
tomultiplier tubes (PMT’s).
FIG. 1: Photo of the detector.
An LAB sample was hold in a 30 cm long, 15 cm
wide, and 40 cm high acrylic container having a black
and rough inner surface with low reflectivity. The sam-
ple was exposed to air and no degassing was performed.
The container was placed between the second and third
coincidence scintillators and right on the path of the trig-
gered muons. The average energy of the muons in our
laboratory (sea level) is about 4 GeV [19], and they will
generate both scintillation and Cherenkov lights in LAB.
Two Hamamatsu R1828-01 PMT’s were used to mea-
sure the scintillation and/or Cherenkov signals. One
PMT was mounted on the top of the container, and the
other one was on the bottom. The photo cathodes of the
two PMT’s extended into the liquid sample and had a di-
rect contact with the LAB. For a downward-going muon,
the top PMT was expected to measure the scintillation
signals only, while the bottom PMT measures the over-
lapped scintillation and Cherenkov signals. The typical
anode pulse rise time is 1.3 ns according the PMT’s data
sheet [20].
After a trigger, an 8 bit 500 MHz flash analog-to-
digital converter (FADC, model CAEN VX1721) opened
a 4096 ns window and read out the waveforms of all eight
PMT’s. The waveforms were further analyzed offline.
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FIG. 2: Schematic front view of the detector.
III. DATA PROCESSING
Signal selection
Besides the expected signals from single vertically-
going muons, two types of background events were
recorded: electronics noise events and muon shower
events. By analyzing the waveforms of the four coin-
cidence channels and the two anti-coincidence channels,
the backgrounds can be removed.
One example waveform of the coincidence channels is
shown in Fig. 3. For each waveform, three characteristic
variables, Peak, Width, and Charge (Area), were mea-
sured.
Electronics noise events were mainly caused by the
coherent noises induced by the power supplies of the
PMT’s. Their waveforms were much narrower than the
real PMT waveforms caused by photons. Quantities of
Peak-to-Charge-ratio and Peak-to-Width-ratio were ef-
fective to remove these backgrounds.
Muon shower events should be avoided, because multi
tracks may go through our sample container. They were
rejected by examining the charge integral in the anti-
coincidence channels. The integral range was [-20 ns,
60 ns] with respect to the rising edge of the coincidence
channels as seen in Fig. 3. All the events with more
significant charges than baseline fluctuations in the anti-
coincidence channels were rejected. The shower back-
grounds were further rejected by checking their charges
in the coincidence channels. The energy deposit in each
channel should follow a Landau distribution with the as-
sumption of minimum-ionizing particles. Fig. 5 shows the
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FIG. 3: A typical waveform of the coincidence channels and
three characteristic variables, Peak, Width, and Charge, and
the corresponding anti-coincidence integral window.
fitting results of them with Landau distributions. The
events with significantly small or large charges than their
averages in any of the channels were rejected.
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FIG. 4: Landau fittings of the charges in the four coincidence
scintillators. The gain of each channel was different.
Average waveforms
After the signal selection, more than 2,000 candidates
survived and the event rate was about 1.7/min. Figure 5
shows the waveforms of the eight channels of a candi-
date event, where extra activities on the top and bottom
PMT’s were seen even 100 ns after the trigger channels.
The average waveform of the top and bottom PMT’s are
shown in Fig. 6. A prompt Cherenkov peak can be found
for the bottom PMT, however this peak was absent for
the top PMT. A long symmetric tail of scintillation light
were observed in both channels. The extra oscillation
structure, especially in the bottom channel, was consis-
tent with the baseline ringing of the PMT, whose ampli-
tude was less than 3 mV.
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FIG. 5: Waveforms of the eight channels of a selected event.
Waveforms of the two anti-coincidence scintillators were verti-
cally shifted to avoid overlapping. The bottom PMT observed
both scintillation and Cherenkov lights and the top PMT de-
tected no obvious Cherenkov light.
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FIG. 6: Average waveforms of the top (blue) and bottom
(red) PMTs. The bottom PMT observed both scintillation
and Cherenkov lights and the top PMT detected no obvious
Cherenkov light. The extra oscillation structure, especially in
the bottom channel, was consistent with the PMT’s baseline
ringing, whose amplitude was less than 3 mV.
4IV. DETECTOR SIMULATION
The whole apparatus was simulated to validate our
understanding of the collected data and to estimate the
efficiency of scintillation-light detection.
The detector geometry, the interaction of particles with
materials, and the optical photons’ propagation in the
container were simulated by Geant4 [21, 22]. Cosmic-ray
muons, the quenching effect, time profile and light yield
of scintillation, PMT response, etc. were simulated by
our customized program, and are explained below.
Muon generator and event rate
The simulation started with a cosmic-ray muon gen-
erator. The energy and zenith angle of cosmic-ray
muons was assumed to follow the modified Gaisser for-
mula [23, 24]
dI?
dEµdΩ
=
0.14(E?µ)
−2.7
cm · s · sr ·GeV
×
(
1
1 +
1.1Eµ cos θ?
115GeV
+
0.054
1 +
1.1Eµ cos θ?
850GeV
)
,
(1)
where I? is the muon flux, E?µ and θ
? are the corrected
terms of muon kinetic energy and zenith angle, respec-
tively.
Muons started on the top surface of the first coinci-
dence scintillator and only 0.8% of them could satisfy
the quadruple-coincidence requirement. The muon flux
at sea level is about 1/(cm2min) [19] and the simulated
event rate was 1.8/min, which was basically consistent
with our measurement.
Quenching effect
Organic scintillators, like LAB, do not respond lin-
early to the ionization density. Birks’ Law [25] is a semi-
empirical formula to describe the quenching effect
dEvis/dx =
dE/dx
1 + kBdE/dx
, (2)
where dEvis/dx is the visible energy loss density for scin-
tillation light generation, dE/dx is the actual energy
loss density of a charged particle, and kB is the Birks’
constant. The Birks’ constants for low energy electrons
from [26] were used in the simulation, and dEvis/dx was
decreased by ∼ 2.8% with respect to dE/dx if kB was
set to 0.015 cm/MeV. The mean of the total visible en-
ergies in the container in the LAB was estimated to be
(64.2 ± 1.8) MeV, where the error was set to the range
without quenching effect.
Reflectivity
The diffuse reflectivity of the inner surface of the con-
tainer was scanned from 0% to 5% in the simulation, The
efficiencies estimated with 5% reflectivity were used as
central values. It introduced less than 6% uncertainty to
the efficiency estimation of scintillation-light detection.
LAB emission spectrum and light yield
The emission spectrum of linear alkyl benzene (10%
in cyclohexane) was measured using an RTI fluorescence
spectrometer excited at 280 nm with 1nm optical slit.
The spectrum is shown in Fig. 7 and implemented ac-
cordingly in the simulation. The scintillation light yield
of LAB was set to our measurement reported later.
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FIG. 7: The emission spectrum of linear alkyl benzene and
the quantum efficiency of the PMT’s in the related range of
wavelength.
PMT quantum and collection efficiency
When optical photons reached the top and bottom
PMT’s photocathodes in our simulation, they were con-
verted to photoelectrons according to the product of the
quantum efficiency, εQE , and collection efficiency, εCE , of
the PMT. The quantum efficiency as a function of wave-
length was simulated according to the Hamamatsu data
sheet [20], which is over 10% from 300 nm to 530 nm.
The collection efficiency is about 80% [20]. The total
uncertainty for εQE × εQE was assumed to be 10%.
Detected wavelength spectrum
The wavelength spectrum of all optical photons which
finally were converted to photoelectrons is shown in
Fig. 8.
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FIG. 8: Wavelength spectrum of all the detected photons in
the simulation. The peak at 340 nm represented the scintil-
lation photons, and the Cherenkov photons had a continuing
spectra from 300 nm to 600 nm, where the light yield of the
scintillation light were set according our measurement.
Efficiency estimation
The efficiency is defined as
ε =
D
N
, (3)
where D is the number of detected scintillation or
Cherenkov photoelectrons on a PMT and N is the total
number of the corresponding photons. The estimation
for scintillation and Cherenkov lights on top and bot-
tom PMT’s were summarized in table I. The uncertainly
came from the PMT quantum and collection efficiencies
and the reflectivity of the inner surface of the container.
The number of detected Cherenkov photoelectrons of
the bottom PMT in the simulation was 11.4± 1.3, which
is 30 times higher than that on the top PMT. The con-
clusion is consistent with the purpose of the detector.
Top PMT Bottom PMT
Cherenkov (0.21± 0.14)× 10−4 (6.32± 0.70)× 10−4
Scintillation (2.74± 0.33)× 10−4 (2.73± 0.33)× 10−4
TABLE I: Detection efficiencies of the Cherenkov and scintil-
lation lights estimated by the simulation.
V. EXPERIMENT RESULTS
Time profile of Scintillation light
Given the detected waveforms in Fig. 6, the average
pulse shape of the scintillation light is interpreted as
n(t) =
τr + τd
τ2d
(1− e−t/τr ) · e−t/τd , t > 0, (4)
where τr is a rising time constant, τd is a decay time
constant, and n(t) is normalized.
The top and bottom wavefroms were fitted with equa-
tion 4 convoluted with a time response function with
a Gaussian resolution plus a prompt Gaussian for the
Cherenkov light with the same resolution. The formulas
are
fT (t) = AC,T gaus(tµ,T, σ) + AS,T n(t− t0)⊗ gaus(σ),
fB(t) = AC,B gaus(tµ,B, σ) + AS,B n(t− t0)⊗ gaus(σ),
(5)
where AC is the amplitude for the Cherenkov light, tµ is
the peak position of that, σ is the resolution of the time
response function, AS is the amplitude for the scintilla-
tion light, and t0 is to account for the unknown starting
time of the scintillation emission, and subscript T and B
are for top and bottom PMT’s, respectively.
The top and bottom PMT’s were fitted simultaneously,
and the tµ,T is constrained within 6-9 ns, which is slightly
later than the top one considering reflections. An uncor-
related 3 mV uncertainty caused by the PMT ringing was
conservatively introduced to each time bin in the fit. As
shown in Fig. 9 of the fitting results, the rising time and
decay time observed are (7.7±3.0) ns and (36.6±2.4) ns,
respectively. The full width [-3σ, 3σ] of the Cherenkov
light is 12 ns dominated by the time resolution of our
PMT’s.
Scintillation light yield
We calibrated the gain of the PMT’s, and with the
efficiency estimated by the simulation, we derived the
scintillation light yield of the LAB.
Under the same high voltage as the data taking, dark
noise events were collected. The gains of the top and
bottom PMT’s were estimated as (8.2 ± 0.1) × 106 and
(7.8± 0.1)× 106, respectively, where the errors were sta-
tistical. The floating of the PMT gain is less than 2%.
The number of photoelectrons on the top and bottom
PMT’s were extracted from the fits in the previous sec-
tion and the gains measured. As shown in table II, the
number of photoelectrons of the Cherenkov light for the
bottom PMT is consistent with our simulation estima-
tion in section IV, and thus providing a validation of the
simulation.
Top PMT Bottom PMT
Cherenkov 0.33± 0.33 10.7± 0.4
Scintillation 17.6± 0.6 17.7± 0.6
TABLE II: Measured photoelectrons of the scintillation and
Cherenkov lights of the top and bottom PMT’s.
The scintillation light yield of the LAB was calculated
with the following relation
L =
Ds,exp
εs,simEvis
, (6)
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FIG. 9: Time profile of the scintillation and Cherenkov lights
on the top (upper plot) and bottom (lower plot) PMT’s and
their fit results, where the green is for the Cherenkov compo-
nent, the blue for the scintillation component, and the red for
their sum.
where Ds,exp is the number of measured photoelectrons
of scintillation on the top PMT, εs,sim is the detec-
tion efficiency of scintillation light in table I, and Evis
is the total visible energy estimated by the simulation.
Taking the measurements and simulations of the top
PMT, the light yield was measured to be (1.01± 0.12)×
103 photons/MeV.
VI. CONCLUSION AND OUTLOOK
In this paper we observed a good separation of the scin-
tillation and Cherenkov lights in an LAB sample. The
rising and decay times of the scintillation were measured
to be (7.7 ± 3.0) ns and (36.6 ± 2.4) ns, respectively,
and its light yield was measured to be (1.01 ± 0.12) ×
103 photons/MeV.
The long time constants of the LAB provide an oppor-
tunity to separate scintillation and Cherenkov lights as
shown in Fig. 6. However the scintillation light yield is
much lower than the liquid scintillators currently used for
neutrino experiments, and it is very low for low energy
solar neutrino experiments, where high energy resolution
is expected.
According to the wavelength spectrum of our simula-
tions, Fig. 8, wavelength shifters may be added to further
increase the wavelength of the scintillation light emis-
sion and to enhance the scintillation light yield. When
some wavelength shifter added, the response time of LAB
may become faster. This needs faster PMT’s or new
techniques like LAPPD [27] to ensure a separation of
Cherenkov and scintillation lights.
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